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1. ABSTRACT
Temperature coefficient of resistance as an aluminum thin film
grain size monitor was investigated. Grain size is an
important factor in electromigration lifetimes of aluminum
interconnects in integrated circuits. However, traditional
methods of measuring grain size are time consuming and costly.
,
Temperature coefficient of resistance can be measured
routinely and at a lower cost, and so could be used as an
alternative or as a supplement to the traditional grain size
measurement methods.
Aluminum films with a thickness of lum were deposited at room
temperature, 200°C, 300°C and 400°C to achieve different film
grain sizes. For the 200°C, 300°C, and 400°C films, grain
sizes after deposition and after a heat treatment followed a
lognormal distribution. The grain size of the film deposited
at room temperature was less than O.lum and the grain size
distribution was not lognormal.
For films deposited at 200°C, 300°C and 400°C, there was no
difference in the temperature coefficient of resistance
measurements. The temperature coefficient of resistance was
significantly different for the film deposited at room
temperature.
1
2. INTRODUCTION
I
Aluminum has many properties that make it a desirable choice
as an interconnection material in integrated circuits. Pure
aluminum has a low room temperature resistivity of
approximately 2.7 J,Ln-cm, [I) which makes it favorable as a
current carrying material. Other benefits include ease of
deposition and patterning, good adherance to Si02 and other
materials, availability and low cost. Despite these
advantages, aluminum in integrated circuit applications has
some drawbacks including problems with electromigration, 'step
coverage and corros.ion. However, these problems can be
reduced by careful processing. Resistance to electromigration
can be achieved by control of the deposited film
characteristics and alloying. step coverage can be optimized
through control of deposition temperature and substrate
orientation. Corrosion susceptibility can be minimized by
careful processing and packaging techniques.
Aluminum electromigration measurements in integrated circuits
are done to determine interconnect lifetime, but they are
expensive and time consuming. Measurements are typically done
at the package level, after all of the processing is
completed, which is costly. Although the process can be
accelerated by temperature and current density, the failures
may take weeks to occur, and so the measurement time is
2
lengthly. Because of the accelerated test conditions, testing
cannot be done on devices that would be shipped as product.
The test also requires special equipment such as ovens, and
computers for failure monitoring.
Because of the time and expense involved with traditional
electromigration measurements, techniques such as SWEAT, (2)
BEM, (3) and resistance ratio measurements(4) are being pursued,
however, these techniques still require special equipment and
test programs, and also require a unique understanding of the·
failure physics of the highly accelerated stress test"!:; to
interpret the test results.
It is known that the main factor affecting electromigration
lifetime is the aluminum grain size. Grain size measurements
usually require TEM or SEM photographs, which are also time-
consuming and expensive. Grain size monitoring equipment
exists, but the equipment is very specialized and ex~ensive.
In contrast, temperature coefficient of resistance (TCR) can
be measured using inexpensive equipment and requiring a less
theoretical interpretation. TCR measurements can be made with
common equipment such as a hot chuck, a current source, and a
volt meter. The measurements can be done at the wafer level,
special computer programs are not required, and they can be
done in a timely manner. The goal of this project is to
3
investigate the feasibility of using temperature coefficient
of resistance measurements as an aluminum thin film grain size
monitor.
3. ELECTROMIGRATION
Electromigration is a potential wear-out failure mode in
integrated circuit devices. Electromigration is the transport
of material in a conducting line due to the passage of a
direct current. The movement of metal is caused by momentum
transfer from the passing electrons, and the failure is an
electrical open circuit due to the loss of conductor material.
Lifetime measurement of conductor lines is the most common way
of measuring electromigration resistance. The results are
usually reported in terms of a median-time-to failures (MTF),
which is the time to reach a failure of 50% of a group of
identical test lines. In order to obtain results in a
reasonable period of time, the test is carried out under
accelerated stress conditions of high temperature and high
current density. The resultant electromigration data can then
be extrapolated to device operating conditions to predict
electrical conductor lifetime in years.
The classic equation for electromigration in thin films was
originally formulated by Black. (5) Black expanded on the theory
4
of electromigration previously developed for bulk materials.
The theory for bulk materials said that mass transport is a
direct function of current density. Black found that for a
range of current densities in thin films, mass transport
varied as the current density squared. Therefore, the bulk
material theory was modified to include a current density
exponent.
Black noted that the median time to failure was inversely
related to the rate of mass transport. Black hypothesized
that the time to failure would be affected by the conductor
cross-sectional area, and he found experimentally that a
direct relatiol1ship existed between conductor lifetime and
cross-sectional area.
Black also found that the activation energy for
electromigration is strongly dependent on the film structure.
He found that well-ordered, large grained films had a higher
activation energy than films with a smaller grain structure.
He also found an Arrhenius temperature dependence for
conductor lifetime.
The final form of Black's classic electromigration equation
is:
MTF = AJ~exp(Q/kT)
5
where
MTF=median time to failure in hours
A=a constant which includes the cross-sectional area of the
film
J=current density in amperes/square centimeter
n=current density exponent
Q=activation energy in electron volts
k=Boltzman's constant=8.6173Sxl0-S eV/oK
T=film temperature in degrees Kelvin
others have also found that the activation energy for
electromigration is strongly dependent on the metallurgical
structure of the film, (13) and electromigration lifetime
correlates with the grain size distribution of the film. m In
order to understand the relationship between electromigr~tion
and grain size, it is important to review diffusion processes.
3.1 Diffusion
In a single crystal, atoms are orderly arranged and bound
together by the forces that result from sharing of the valence
electrons. This binding energy is opposed by the mutual
replusion of ions and their closed electron shells. Because of
these constraints, each atom can be thought of as being in a
potential energy well, where it can thermally vibrate through
a short distance at a mean frequency. At temperatures above
absolute zero, some atoms gain enough energy to overcome the
potential well barrier that binds them in the crystal lattice
(Figure 1). [6) These atoms are free to move and occupy an
equivalent equilibrium position within the lattice.
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Figure 1. Metal ions oscillating in potential wells.
However, atomic transport in the solid state is accomplished
through a diffusion process which requires vacancies, which
are defects or holes in which an atom is missing from the
orderly arrangement (Figure 2) .[8) The diffusion mechanism takes
place by an atom adjacent to a vacant site moving into that
site, and creating a new vacant site.
Figure 2. A two-dimensional representation
crystalline solid, illustrating some of
imperfections that are possible.
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Therefore, the activation energy for diffusion involves two
factors.~ The first is the probability, W, that an atom will
gain the energy Gm, to overcome the potential well barrier,
where Vo is the atomic vibration frequency. This determines
the number of atoms in lattice sites that have enough energy
to make an exchange, and is a function of temperature. The
second factor, which is also temperature dependent, involves
,.
the availability of a defect or vacancy site, Nd , and may be
written as
Nd = Z exp (-GrlkT)
where Gf is the free energy needed to form the defect, and Z
is a constant which depends on the crystal type. The sum of
these energies gives the activation energy for self diffusion,
which for bulk aluminum has been found to be 1. 48eV. (5) In the
absence of an externally applied driving force, the
probability of forward and backward vacancy movement is the
same, and the result is no net transport of material.
In the semiconductor electronics industry, aluminum thin films
are usually polycrystalline. In this material, atoms at the
edges of the grain boundaries have fewer lattice neighbors,
8
and therefore their potential well is shallower. In addition,
defects, vacancies, and interstitial atoms are found in the
grain boundaries. Therefore, the grain boundary provides an
easier path for self diffusion than diffusion within the
lattice. The activation energy for grain boundary diffusion
in aluminum thin films has been measured to be typically about
O.50eV, while the lattice diffusion activation energy is about
1. 2eV. (5) In thin films, diffusion along the surface is also
significant.
3.2 Importance of Film structure on Electromigration
Resistance
In electromigration, there is a directional transport of atoms
and vacancies through a material due to the passage of an
externally applied direct current. The atoms in a conductor
under electrical stress are sUbjected to two forces. One is
the electric field which exerts a force in the direction
opposite to electron flow due to the positive ion interaction.
The other force is due to momentum exchange between the
electrons colliding with the metal atoms, exerting a force on
the atoms in the direction of electron flow. The latter force,
often called the "electron wind", dominates. The result is
that metal atoms travel in the direction of electron flow,
while vacancies travel in the opposite direction. The
vacancies may eventually coalesce and form voids or
9
discontinuities in the metal line. In a polycrystalline thin
film conductor at electromigration stressing temperature,
which is about half the melting point of aluminum which is
660.37°CM, transport of the metal atoms and the vacancies
occurs along the conductor surface and the grain boundaries.
At higher temperatures, diffusion through the lattice
dominates, therefore, the film structure has little effect on
electromigration lifetime.
4. FACTORS AFFECTING ELECTROMIGRATION LIFETIME
4.1 Aluminum Grain Size
As mentioned earlier, electromigration lifetime increases
linearly with increasing grain size. There are several
factors that affect the grain size in aluminum thin films.
The principal factors are film deposition conditions (i.e.
temperature), subsequent heat treatments, and film thickness.
Each of these factors will be discussed separately.
4.1.1 Film Deposition Conditions
Physical vapor deposition by sputtering is a common method of
film deposition in integrated circuit processing. It is used
to deposit aluminum and aluminum alloys because of the good
homogeniety of the films, and the ability to deposit films
10
with a composition similar to the target. Evaporation is
another technique for metal deposition. However, evaporation
has limitations for alloy deposition because the vapor
pressure of different elements varies, so that film
composition and homogeniety are difficult to control.
sputtering is the physical process in which ions of an inert
gas, usually Argon+, are accelerated through a potential
gradient. [lO) The ions bombard the cathode, which is a target of
a desired metal composition such as pure AI, Al-eu or Al-eu-
si. Through momentum exchange, the atoms of the ta-rget
dislodge, resulting in a deposited film. of metal on the
substrate. The mean free path of the sputtered atoms is about
1 cm at 5 mtorr, therefore, it is likely that the sputtered
atoms will suffer collisions with the Argon before they reach
the substrate. Figure 3[11] illustrates that the sputtered atoms
maya) arrive at the substrate with reduced energy, b) be
backsputtered onto the target or chamber walls, or c) lose so
much energy that they are later transported by diffusion.
WAFER
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Figure 3. Gas scattering events.
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In a sputtering process, film growth is kinetically
determined.n~ The initial growth involves formation of nuclei
of a critical size. Nuclei formation and growth require that
the atoms can diffuse on the surface. The· process is
thermally activated, with an energy for surface diffusion Ed'
and an energy for nucleus formation Ej • Atoms arriving at the
substrate give up their kinetic energy to the substrate. This
energy and the substrate temperature determine the mobility of
the atoms at the surface.
Once the nuclei are formed, they capture other atoms and "form
islands, which can rearrange to lower the surface energy if
there is enough surface diffusion, as illustrated in Figure
4. nZj
Figure 4. Schematic of film growth (a) atoms arrive at normal
incidence and condense (1), undergo surface diffusion (2)
until they are bound either at a defect site (3) or with other
atoms (4), leading to island formation; (b) atoms arriving at
non-normal incidence add to islands and do not reach the
substrate between islands.
Eventually, as the deposition continues to a certain
thickness, a continuous film is formed. The result is a film
12
that consists of columns, with a void density that depends on
the surface diffusion of the atoms. The columnar structure is
illustrated in Figure 5. [14)
Thin film or Fine line
columnar
Figure s. The columnar grain structure in a thin film or metal
line.
The nucleation and growth processess are controlled by surface
diffusion, [16) which follows the equation
D = Doexp (Q/kT)
where D is the diffusion coefficient and Do is the frequency
factor in cm2/sec.
The equation shows that diffusion is exponentially temperature
dependent. While deposition pressure, power, and temperature
may effect the grain size, it has been found that substrate
temperature is the main effect. U7]
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4.1.2 Heat Treatment
When the aluminum film is heated to a sUfficiently high
temperature, approximately 1/2 the melting point, the grain
boundaries can migrate and coalesce resulting in an increase
in grain size. This process is called grain growth. When the
grain size increases, the total grain boundary area decreases,
and the free energy of the system is lowered.
The free energy of a system, G, containing an interface of
area A and free energy GS per unit area is given by
where Gois the free energy assuming that all of the material
has properties of the bulk, and G1 is the excess free energy
due to material close to the interface. The origin of surface
free energy is that atoms at the surface of a film are without
all of their nearest neighbors, therefore, the surface atoms
have more freedom of movement and a higher thermal entropy
compared with atoms in the bulk. Minimizing the surface area
reduces the total surface free energy.
The formation of polycrystalline metal thin films has been
compared with the bubble structure of a soap film(Figure 6}.~)
14
Figure 6. Two-dimensional cells of
illustrating the process of grain growth.
minutes.
a soap solution
Numbers are time in
At the junction of three grains, there must be a balance among
groin 1
grain 3
grain 2
the boundary tensions 1'13' 1'12' 1'23 (Figure 7) .(21)
Y13
Y12
1'23/ sinO 1 = 1'13/ sin02 = 1'12/ sin03
Figure 7. The balance of grain boundary tensions for a grain
boundary intersection in metastable equilibrium.
This predicts that 01 = O2 = 03 = 120°. However, the surface
tension must also balance over the boundary faces between the
junctions. If a boundary is convex, the force acting on it
will be 1'/r, where r is the radius of curvature. If the
boundary is planar or is curved with equal radii in opposite
15
directions, there is no net force.
Therefore, if a grain has six grain boundaries they will be
planar with angles of 120°, and the structure will be
metastable. Figure 8 illustrates grain boundary migration for
varying boundary' configurations. If the total number of
boundaries is less than six, the boundaries must be concave
inward. These grains will shrink and eventually disappear
during annealing. Larger grains with more than six boundaries
will grow, which has the effect of increasing the mean size
and reducing the total grain boundary energy121l.
Figure 8. Two-dimensional grain boundary configurations. The
arrows indicate the directions boundaries will migrate during
grain growth.
4.1.3 Film Thickness
In 1948, P.A. Beck observed that grain growth in sheets ended
when the grain size was approximately equal to the sheet
16
thickness. This is known as the specimen thickness effect,
and is illustrated in the plot shown in Figure 9.~]
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Spocimon thickness, m",
Fiqure 9. Maximum Grain size attainable by gradual grain
growth in high purity aluminum, as a function of specimen
thickness showing "specimen thickness effect". (a) Specimens
not etched before annealing. Empty circle: specimen extremely
deeply etched before annealing.
In an aluminum thin film with a thickness of around one
micron, the film thickness is comparable to the grain size in
the bulk material. [14] The grain size is constrained by the
film thickness, and therefore the grain size is approximately
equal to the thickness, and is columnar. The columnar grain
structure has been identified as a factor contributing to the
improvement of electromigration resistance.~]
4.2 Effects of Alloying
17
4.2.1 Copper Addition
The electromigration lifetime of aluminum films can be greatly
extended by the addition of copper~]. The benefit of copper
addition is not directly dependent on the method of film
preparation or on post-deposition heat treatments. Although
the electromigration lifetime results of copper additions to
aluminum are well known, the effect was discovered
empirically, and the mechanism is still not understood.
The effects of copper addition on the activation energy and
the median time to failure (MTF) are shown in Figure 10[26].
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FigUre 10. Activation energy for the failure process and MTF
as a function of copper content in hot-substrate aluminum-
copper-1.7% silicon. The MTF are for testing of O.8~m thick,
15~m wide samples at 8x10s A/cm2 and a temperature of 227°C. 0
= MTF; 0 = activation energy.
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There are several popular theories on the cause for the
increase in both MTF and activation energy with Cu content.
However before reviewing these theories, it is important to
state some undisputed facts:
1). The solubility of CU in Al at room temperature is
0.05%.[27]
2). Copper above the solubility limit exists in
precipitates of A12Cu. The A12Cu precipitates reside
in the grains and the grain boundaries after low
temperature treatments, but are found only in the
grain boundaries after a heat treatment at greater'
than 300 0 C. [27,34]
3) There is a region of copper depletion in the area of
the metal electromigration failure. [26,35]
There are several theories about the role copper plays in the
mechanism of failure. These theories are based on the
observation that during electromigration, copper, rather than
aluminum, preferentially migrates toward the anode, [26,35] leaving
a region in the conductor line depleted of copper. It is
theorized that because of the smaller size of the Cu atom, the
electron wind has a greater effect on it than it does on
aluminum, and therefore the Cu electromigrates earlier than
the aluminum. This theory is supported by the fact that
additions of Ag and Au had a negative effect on
electromigration, which may be due to their larger atomic
19
size.~61 A related theory is that due to the small size of the
copper atom, atoms in solution are able to diffuse without
disturbing the aluminum lattice, and these are replenished by
copper from the Al2Cu precipitates.~~
Another theory is that the Al2Cu precipitates that are located
in the grain boundaries act to physically block
electromigration-induced mass flow, by blocking the rapid
diffusion paths for aluminum. Eventually, the current causes
the copper to migrate out of the precipitates, leaving an area
of copper depletion.f<m
4.2.2 Silicon Addition
In semiconductor circuitry, most of the aluminum interconnect
lines are located near the top surface, and lay on an
insulating layer. However, there are points where the
aluminum directly contacts the silicon substrate, as
illustrated in Figure 11[121. When this type of interconnect is
sUbjected to a higher temperature, a small amount of silicon
disolves into the aluminum at the points of contact. The
amount of silicon that disolves depends on the solubility at
the temperature as well as on the size of the contact area.
The solubility of si in Al ranges from 0.25 wt% at 400°C to
0.8 wt% at 500°C. At the temperatures and concentrations of
interest, a silicide compound is not formed between the
20
silicon and the aluminum. When the amount of silicon present
in the aluminum exceeds the solubility of silicon in the
aluminum, the excess silicon precipitates out of the film at
the interface.
Al/CU~Si~~
S102
. .
si , Doped Silicon
Junction
Figure 11. Schematic cross-section of a contact metallization
scheme.
To reduce the amount of silicon that dissolves from the
silicon substrate into the aluminum film, a known amount of
silicon, usually about 1%, can be intentionally added to
saturate the deposited metal film.
It is generally acknowledged that the addition of silicon has
no detrimental effect on electromigration lifetime, and it has
been reported that the addition of silicon increases the
lifetime of Al-Cu films for equivalent doping and grain
structure. [26,30)
4.2.3 Negative Effects of Alloying
The addition of copper and silicon to aluminum polycrystalline
21
films does have some negative effects. First, the resistivity
of the aluminum is increased. The resistivity of an aluminum
thin film is about 5-10% higher than the bulk resistivity of
2.7~n-cm. For each percent of silicon added, the resistivity
is increased by about o. 7J,Ln-cm[26], and about o. 6~n-cm for
each percent of copper.
Another effect is that the as-deposited and heat treated grain
sizes are decreased in the alloys~~
Al > Al-eu > Al-eu-si
This is due to the inhibition by the copper and silicon of the
normal aluminum grain boundary motion during grain growth.
This effect is called "Zener drag". When the boundary moves,
the other atoms migrate along with the boundary and exert a
drag that reduces the boundary velocity, which will have the
effect of reducing the final grain size. However, the
electromigration lifetime increase due to the dopants far
surpasses the negative effect of decreased grain size.
4.3 Linesize
The linewidth of the aluminum interconnect has been found to
be an important factor in electromigration lifetime. As
linewidth decreases, the electromigration lifetime decreases,
goes through a minimum, and then increases. This increase is
due to the fact that the linewidth approaches the grain size,
22
and a "bamboo" grain structure occurs, as illustrated in
Figure 12. [l4) When the grain size is comparable to the
linewidth, the number of grain boundary paths for diffusion is
lowered, and the .grain boundaries are perpendicular to the
direction of current flow. Both of these factors contribute
to a decrease in potential for vacancy and atomic movement,
and so the probability of electromigration failures is greatly
lowered.
Linewidth
Average
Grain
Size
/ ->1 1<-
;=B,.---,.--:t----r--~R"--
bamboo
Figure 12. The bamboo grain structure in a metal line.
4.4 Passivation
A final step in integrated circuit processing is the
deposition of a passivation layer. This is an insulating,
protective layer that prevents mechanical and chemical damage
to the underlying circuitry. One of the most common
passivation materials is silicon nitride. Silicon nitride
provides a good barrier to moisture and impurities and is
scratch resistant, however, it has a high mechanical stress
which can cause it to crack. The high compressive stress can
also effect the underlying aluminum layer, which has a tensile
23
stress. The stress differences may cause vacancies to coalesce
and form voids in the aluminum line.
A recent approach is bilayer passivation, where an initial
coating of oxide is deposited followed by a layer of silicon
nitride. The oxide layer reduces the mechanical stress, while
the top layer protects against damage from handling, humidity,
and contaminants.
It has been found that a passivation layer increases
electromigration lifetime compared with an uncovered aluminum
line, by acting to inhibit the movement of material.
5. RESISTANCE IN THIN FILMS
Electrical conduction in metals is due to the motion of
electrons through the lattice under the influence of an
externally applied electric field. Any non-periodicity in the
lattice causes resistance. Non-periodicities can be caused by
lattice vibrations, or by lattice defects such as vacancies,
interstitials, dislocations, and alloying additions.
The factors that influence resistivity can be described by
Matthiessen's rule, which states that the total resistivity of
a material is the sum of the individual contributions made by
all sources of resistivity. (11) These contributions have a term
24
which is temperature dependent, PT' and a term, PR' which is
the sum of all contributions other than the thermal component.
PT decreases with decreasing temperature, while PR' often
referred to as the residual resistivity, is assumed to be
independent of temperature for bulk materials. Lattice
vibrations cause PT' and all other defects contribute to PRo
Theoretically, in a pure crystal in which PR is zero, the
resistivity approaches zero at temperatures near OOK. As the
temperature increases, lattice vibrations increase and the
electrons collide with phonons, causing an increase in
resistivity. For most metals at or greater than room
temperature, PT increases linearly.
It is known that thin film resistivity is higher than bulk
resistivity, and increases as the thickness decreases. This is
explained in the Fuchs theory,~] which states that ordinary
scattering mechanisms in the bulk material carryover into the
thin film, but in thin films another contribution to the non-
periodicity of the lattice is the surface boundaries. This
causes higher resistivity in a thin film than in a bulk
specimen. For films with a thickness that approaches the mean
free path of electrons, which is lOnm at room temperature,
25
diffuse scattering from the surfaces is modelled by the
Sondheimer theory. [45] This theory states that the increase in
resistivity due to surface scattering is given by 3Ax/8t,
where t is the film thickness and Ax is the mean free path for
electrons in the bulk material.
It has also been observed that single-crystal thin films show
a lower resistivity than corresponding polycrystalline thin
films. Mayadas and Shatzkes~] theorized that, in films less
than or equal to the mean free path of the electron, this
effect is caused by the scattering at grain boundaries,
resulting in a deviation from Matthiessen I s rule. The
Mayadas-Shatzkes theory agrees with experimental observations
of resistivity in polycrystalline thin films.~~
6. EXPERIMENTAL METHOD
6.1. Process Sequence
A wafer lot was processed to investigate the use of
temperature coefficient of resistance (TCR) as an aluminum
thin film grain size monitor. The process sequence was as
follows. Silicon substrates were oxidized at 900°C, to
achieve a final oxide thickness of 15nm. An oxide
approximately 2500nm thick was then deposited by a plasma
enhanced tetraethyl orthosilicate (TEOS) process. Aluminum
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alloy films were deposited in a Varian 3180 sputtering System.
The film composition was aluminum with 0.75% si and 0.5% Cu,
and the nominal film thickness was 1um. To vary the grain
size, the wafers were divided into four experimental cells,
and four substrate temperatures were used during sputter
deposition: room temperature, 200°C, 300°C, and 400°C.
Temperature was varied because it has been reported as the
main factor influencing the grain size. other factors such as
pressure and power were kept constant because their effects on
grain size are reported to be second order for aluminum and
aluminum alloy depositions. Ten wafers from each cell 'were
then patterned with photoresist, and dry etched. Two control
wafers from each cell were not patterned and were later used
for grain size analysis.
The experimental cells are as follows:
10 patterned wafers + 2 controls - room temperature deposition
10 patterned wafers + 2 controls - 200°C deposition
10 patterned wafers + 2 controls - 300°C deposition
10 patterned wafers + 2 controls - 400°C deposition
Four patterned wafers from each group received a passivation
bilayer of plasma enhanced TEOS oxide and silicon nitride, and
were then sintered in hydrogen for 30 minutes at 375°C. The
passivation layer was patterned and etched to expose the bond
pads for electrical contact.
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6.2 Temperature Coefficient of Resistance Measurements
----
Equipment for temperature coefficient of resistance
measurements was purchased and assembled. The equipment
includes a Temptronics TP-0315B controller and hot chuck on a
specially adapted probe station, a Hewlett Packard 3245A
Universal Source, and a Hewlett Packard 3458A Multimeter.
The Joint Electronic Device Engineering Council (JEDEC)
procedure[48) was followed for theTCR measurements.
The test structure used for the TCR measurements is a
patterned aluminum line with a length of 800um and a nominal
width of 1.25um. Double bond pads at each end allow for
accurate four-terminal resistance measurements. Two terminals
are needed to provide the current (I), and two terminals to
measure the voltage drop (V) across the length of the current-
conducting line of the structure. A schematic of the structure
is shown below.
+-800UIIl-t'
v
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The resistance (R) in ohms was determined by forcing a current
(I) in amperes and measuring the voltage (V) in volts, and
using Ohm's Law:
R = VjI
A test current of 1 IDA was chosen because it was found that
this current caused no detectable Joule heating. For each
measurement, the current was forced in the positive and
negative directions, and an average of five voltage readings
was used to calculate the resistance.
Wafers were heated with the hot chuck to measure resistance as
a function of temperature. Relatively low temperatures of
25°C, 50°C, 75°C, 100°C and 125°C were chosen so that aluminum
grain structure would not be affected during testing.
Test structure resistance was measured on four patterned,
passivated wafers from each experimental cell. Five sites on
each wafer were measured at each temperature. The TCR (OCl )
was then calculated for each site using the formula:
TCR=ljR dRjdT
where
R = resistance in ohms
T = temperature in °C
29
6.3 Aluminum Grain size Measurements
One control wafer from each experimental cell was submitted
for Transmission Electron Microscope (TEM) analysis to
determine the as-deposited grain size. A Jandel Scientific
Digitizing Tablet was used to measure the grain areas in
square microns. Approximately 100 grains were measured on
each sample. The grain radius in microns was approximated
using the formula
radius = (area/pi)m
The grain radii distribution for each experimental cell was
plotted using a software package for the statistical analysis
of reliability data called STAR. Each distribution was plotted
with 95% simultaneous confidence bands.
It is generally agreed that TEM analysis is the most accurate
method of grain measurement. However, TEM analysis is time
consuming and expensive, and therefore measurement of large
sample sizes are not feasible. Scanning Electron Microscope
(SEM) measurements allow for a larger sample size, lower cost,
and shorter sample preparation time. A TEM/SEM comparison was
performed to assess thepossiblility of using SEM samples for
subsequent grain size measurements.
SEM samples were prepared from an adjacent site on each of the
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four control wafers so that a direct comparison could be made
with the TEM results. The SEM samples were coated with 20nm of
gold to prevent charging of the sample during scanning. A
Hitachi 4000 scanning Electron Microscope was used to obtain
micrographs of the grains. The grain areas were measured with
the same technique as for the TEM samples. Approximately 100
grains were measured on each sample. TEM and SEM measurements
showed good agreement for wafers from each deposition
temperature. The data will be discussed in the Experimental
Results section.
Next, grain size measurements were attempted on the same
patterned wafers that received the TCR measurements so that a
direct TCR-grain size comparison could be made. However,
grain size measurements on these wafers were not possible for
two specific reasons. The first reason was that SEM sample
preparation for these wafers required removal of the
passivation bilayer and a grain boundary decoration. Several
removal/decoration techniques were attempted, but in most
cases aluminum pitting resulted, and the grain boundaries
could not be identified. The second reason was that difficult
TEM sample preparation for patterned wafers prohibited a TEM
analysis.
Because of the problems with sample preparation of the
passivated patterned wafers, it was decided that unpassivated
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patterned wafers from each experimental cell would be used for
the final grain size measurements. SEM samples were prepared
from five sites on each wafer, paralleling the locations of
the TCR measurements. The grain areas were measured with the
same technique as for the TEM samples. Approximately 60 grains
were measured for each sample.
6.4 Line Thickness and width Measurements
The aluminum thickness of the TCR test structure was measured
for each experimental cell. A cross-sectional-SEM of the test
structure and an adjacent structure was used to determine the
film thickness. Using a known pitch of 2. Sum, the film
thickness could be determined by a simple ratio. A pitch
measurement was also used to determine the linewidth of the
test structure.
measured pitch(mm)
known pitch(um)
7. EXPERIMENTAL RESULTS
= measured thickness of line(mm)
unknown thickness(um)
7.1 TCR Measurement Results
Results of the TCR measurements are shown in Table 1. For the
200°C, 300°C, and 400°C depositions there is no difference in
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The average TCR, although the standard deviation increases
with deposition temperature. The TCR for the room temperature
deposition is significantly different from the others, to a
95% confidence level as measured by the Student's T-test.
Temperature Coefficient of Resistance
Deposition Temperature(OC) N Mean(1f'C) Std.Dev.
Room 20 0.00369 0.ססOO128
200 20 0.00375 0.ססOO138
300 20 0.00375 0.ססOO192
400 20 0.00375 0.ססOO198
Table 1.
Figure 13 is a plot of the raw data for the TCR measurements.
It appears that the top site has a lower TCR than the other
sites. This was found to be due to a temperature non-
uniformity of the Temptronics hot chuck.
7.2 Grain size Results
7.2.1 TEM Results of the As-Deposited Films
TEM measurements for the as-deposited aluminum films show an
increase in grain radius with increasing deposition
temperature. This result is expected based on theory, as
discussed earlier, because of the increase in surface
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diffusion with increasing deposition temperature.
An example of the grain structure, at a magnification of
138000x, for the room temperature deposition is shown in
Figure 14. The grain radius is less than O.lum for all of the
grains measured. Figure 15 shows the 200°C deposition grain
structure at a magnification of 51000x. The median grain
radius is O.25um. Figure 16 shows the 300°C deposition grain
structure at 30000x. The median grain radius is O.41urn. And
Figure 17 shows the 400°C deposition structure at a
magnification of 18000x. The median grain radius is O.6ium.
A cross-sectional TEM of the film deposited at room
temperature shows that the grain structure is columnar. As
discussed earlier, the columnar grain structure is an
important factor for electromigration lifetime, as well as for
electrical resistance.
Grain radius measurements for the 200°C, 300°C, and 400°C
depositions follow a lognormal distribution. Figure 18 is a
plot of these distributions, with 95% simultaneous confidence
intervals. The grain measurements for the room temperature
deposition were not lognormal, and are not plotted.
The median grain radius, with the 95% upper and lower
confidence intervals for each deposition temperature is
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Figure 14. Room Temperature Deposition (138,OOOx)
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200°C Deposition (51,OOOx)
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Figure 16. 300°C Deposition
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summarized in Table 2. Table 3 lists the distribution sigmas
with the 95% upper and lower confidence intervals.
Median Grain Radius (um)
200°C Deposition 300°C Deposition 400°C Deposition
median LCI VCI median LCI VCI median LCI PCI
Before Sinter(TEM) 0.25 0.23 0.27 0.41 0.37 0.46 0.61 0.55 0.67
Before Sinter(SEM) 0.25 0.20 0.32 0.38 0.29 0.49 0.66 0.59 0.73
After 375C, 30Min (SEM) 0.43 0.38 0.49 0.59 0.55 0.65 0.68 0.65 0.71
LCI=Lower limit for 95% Confidence Interval
VCI=Vpper limit for 95% Confidence Interval
Table 2.
Grain Radius Sigma
2000C Deposition 300°C Deposition 400°C Deposition
median LCI VCI median LCI VCI median LCI VCI
Before Sinter(TEM) 1.5 1.5 1.6 1.6 1.5 1.8 1.7 1.5 1.8
Before Sinter(SEM) 2.4 2.0 2.8 2.3 1.9 2.9 1.5 1.4 1.7
After 375C, 30Min(SEM) 1.5 1.4 1.7 1.4 1.3 1.5 1.5 1.4 1.5
LCI=Lower limit for 95% Confidence Interval
VCI=Vpper limit for 95% Confidence Interval
Table 3.
7.2.2 SEM Results of the As-Deposited Films
SEM grain radii measurements for the 200°C, 300°C, and 400°C
depositions followed lognormal distributions. The
distributions are shown in Figure 19.
SEM measurements showed a median grain radius of O.25um
for the 200°C deposition, O.38um for the 300°C deposition, and
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5
0.66um for the 400°C deposition. For the film deposited at
room temperature, grains could not be measured with an SEM
technique. Mounds of aluminum were seen in an SEM, but even at
a magnification of 100000x no grains could be identified.
The median grain radii and distribution sigmas are summarized
in Tables 2 and 3. The SEM and TEM grain measurements agree
to a 95% confidence level for the as-deposited measurements.
7.2.3 SEM Results of Heat Treated Films
Based on the good agreement between TEM and SEM grain radius
measurements for the as-deposited films, SEM measurements were
used for the heat treated films. Using SEM measurements
allowed for a larger sample size.
SEM measurements were taken on five sites on patterned wafers
in order to investigate trends across the wafer that might
have correlated with the TCR measurements. Grain area
measurements showed no systematic variation across the wafers,
as shown in Figure 20. Based on this observation, all of the
data for each deposition temperature was combined and plotted
together, as shown in Figure 21.
The measurements for the 200°C, 300°C and 400°C depositions
all followed lognormal distributions. The median grain radius
43
v'W ---- ......
Grain Area (square microns)
0.05 0.08 0.20 0.40 0.70 2.00 4.00
\.
(")
o
~
~
Co
CD
~
~
3:
CD
iii
G>Q3
5°
~
m
~
~
...
W
-....I()l
(")
en
5°
CD
...
5
......--..
1---+-1
-
top
center
flat
left
right
top
center
flat
left
right
top
center
flat
left
right
top
-center
-flat
-left ~
~
right
...-
~
$
Co>
top ........
center -
flat -
t left ----right _
sigma
0 1 2 3 4
t:ter ' I '. I"
I I
flat
-left
-right ~
200
200
0200
-g 200
~. 200go 300
~
5" -4 300
CD CD 300~ ~ 300
en iil 300
~ 400
- 400
9 400
400
400
200
200
0200
r ~ 200
~ ;:;: 200
~ 0' 300
o ~
~ -4 300
e. ~ 300
~ ~ 300
_0 ...
2" a 300
~ a400
_. - 400
5!l. (")§: - 400
S. 400§f 400
"'1J
~
~
Cil
~g
(0
t11
~o
Grain Size(SEM) after 375C,30M
200
300
4000.9995
0.998
0.995
0.99
0.98
0.95
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
~
0.02
0.01
0.005
0.002
0.0005
0.0001
Lognormal Probability Plot - 200
With 95% Simultaneous Bands 300
0.9999 ---- 400
0.05 0.1 0.5 1
radius(um)
5
Figure 21.
45
after the 30 minute, 375°C heat treatment, was larger than the
as-deposited median size in all cases. For the 200°C film,
the median grain radius was 0.43um, for the 300°C film, the
median grain ,radius was 0.59um, and for the 400°C film, the
median '"grain radius was 0.68um. The median, radii and
distribution sigmas are listed in Tables 2 and 3.
ot
For each deposition temperature, the grain size increased
after the heat treatment, following the expected trend.
However, the combined effects of the deposition temperature
and the heat treatment are important for the final grain size.
For example, for the film deposited at 200°C, the median grain
radius after the heat treatment (0.43um) is still not as large
as the median grain size for the 400°C as-deposited film
(0.6lum) .
For the room temperature deposition samples after the heat
treatment, a few grains could be identified in the SEM at high
magnifications, but an adequate sample size could not be
obtained to plot a distribution. Grain boundary decorations
caused severe pitting and so were not successful.
The grain size distribution is an important factor in
determining the electromigration lifetimes of the thin films,
as reported by Vaidya and sinha. m It is expected that the
electromigration of these films would follow the same trends
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of increasing grain size causing an increase in lifetime.
7.3 Line Thickness and Line width Results
The line thickness is an important factor in determining the
resistance and the TCR for thin film metallizations. It is
expected that the resistance will increase with decreasing
thickness because of surface scattering effects.
The film thickness may also influence the final grain size, as
described by the film thickness effect.
For a controlled experiment, it was important for the
thickness to be the same for all of the films measured. The
film thickness for each deposition temperature is reported in
Table 4. The results show that within measurement error, the
films thicknesses are the same for each experimental cell.
For the film deposited at 400°C, the post heat treatment grain
size is larger than the film thickness. This disagrees with
the theory discussed earlier called the film thickness effect,
which says that the maximum grain size is determined by the
film thickness. In t~is case, although t~ilm thickness is
1.06um,·the median grain diameter is 1.36um. The observation
of a post heat treatment grain diameter which is larger than
the film thickness has also been reported by Sanchez.~l
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The linewidth is also an important factor in electromigration
lifetime. If . the linewidth approaches the grain size, a
bamboo structure may result. It has been found that the bamboo
structure causes an increase in electromigration lifetime
because of the decrease in grain boundary area.
The linewidths for each experimental cell are reported in
Table 4. There is no significant difference in the linewidths
for any of the experimental cells. For the 200°C and 300°C
depositions, the median grain diameter is smaller than the
linewidth, therefore a bamboo structure would not be expected
,-
for these structures. For the 400°C deposited film after the
heat treatment, the grain diameter approaches the line width.
r
This may 'result in a bamboo structure.
Deposition TemperatureCCC) Film Thickness(um) Line Width(um)
Room 0.98 1.28
200 0.98 1.31
300 1.04 1.31
400 1.06 1.25
Table 4.
8. CONCLUSIONS
The relationship between aluminum thin film grain size and
temperature coefficient of resistance (TCR) was investigated.
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Film grain size is an important factor for electromigration
lifetime in thin films, but the grain size may be difficult to
monitor routinely.
Films with a thickness of lum were sputter deposited at room
temperature, 200°C, 300°C and 400°C. Grain sizes increased
with increasing deposition temperature. No difference in the
TCR was measured for the 200°C, 300°C and 400°C deposited
films, however, the TCR was significantly lower for the room
temperature films. This difference was independent of film
thickness.
A good correlation was found between TEM and SEM grain size
measurements of the films deposited at 200°C, 300°C and 400°C.
Grain sizes of the 200°C, 300°C and 400°C depositions followed
lognormal distributions. SEMmeasurements of the heat treated
films also followed lognormal distributions.
TEM grain size measurements for the film deposited at room
temperature were not lognormal, and were less than O.lnm.
Because of the small grain size, SEM grain size measurements
were not possible for either the as-deposited or the post heat
treated films.
The as-deposited grain sizes for the 200°C, 300°C and 400°C
depositi~ns increased with increasing deposition temperature,
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as is supported by theory. Grain sizes for all films increased
after a heat treatment at 375°C for 30 minutes. The change in
grain size was greater for the 200°C film than for the 400°C
film, however the final size for the 200°C film was still less
than the size for the 400°C as-deposited film. This shows
that the deposition temperature as well as the annealing
temperature is important in determining the final grain size
of a film.
Although for this study, a one-to-one relationship between
film TCR and grain size was not found, the fact that the TCR
was significantly different for the film deposited at room
temperature is an indication that temperature coefficient of
resistance is affected by the film grain size. A
~
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